1. Introduction {#sec1-microorganisms-08-00589}
===============

Almost all life forms on Earth depend on iron. Due to its redox properties, this element is the most suitable co-factor for crucial proteins responsible for energy production, mitochondrial respiration, DNA and RNA synthesis and cell proliferation. However, free iron induces cell and tissue damage through the formation of free radicals. Thus, it needs to be strictly controlled and properly stored to avoid pathology. Accordingly, iron traffic and distribution in animals are controlled by complex systems, operating both at the systemic and at the cellular levels \[[@B1-microorganisms-08-00589]\]. In a situation of infection, both host and pathogen need to maintain the access to the iron needed for cell survival and proliferation while avoiding its toxicity. Additionally, the animal host puts into action several mechanisms aimed at limiting the access to iron by microbes \[[@B2-microorganisms-08-00589]\]. While many iron-related proteins have been acknowledged to play a role in host--pathogen interaction, in this review we will focus on ferritin. Since its discovery, the interest on ferritin has been steadily increasing in the scientific community ([Figure 1](#microorganisms-08-00589-f001){ref-type="fig"}). Interestingly, the increase in the number of studies describing ferritin in association with inflammation or infection has been more marked in the last 10 years than that of articles related to ferritin in iron storage. Here, we will revisit the fundamental studies that allowed ferritin identification and the elucidation of its main functions, but also discuss the role of this protein in host--pathogen interaction and its potential as a target for host-directed therapies.

2. Ferritin, the Iron Storage Protein: Identification and Characterization {#sec2-microorganisms-08-00589}
==========================================================================

Ferritin was one of the first proteins known to be involved in iron metabolism. It was first described by the end of the 19th century as an iron-rich component of horse liver and later purified from horse spleen in the 1930s \[[@B3-microorganisms-08-00589],[@B4-microorganisms-08-00589]\]. Ferritin is a large, spherical molecule that stores iron inside its hollow center. It has been largely conserved throughout evolution, demonstrating the essentiality of the protein and of its functions. More than just an iron deposit, ferritin is now known to protect cells from the nefarious effects of free iron, besides being involved in different functions, including immune regulation \[[@B5-microorganisms-08-00589],[@B6-microorganisms-08-00589]\]. Generally, ferritin is a cytosolic protein, but it has been found in mitochondria, in the nucleus and in serum \[[@B7-microorganisms-08-00589],[@B8-microorganisms-08-00589]\]. The cytosolic ferritin consists of a polypeptide with 24 protein subunits that compose the apoferritin shell. This structure is an approximately 450kDa hollow-cage that is capable of sheltering up to 4500 Fe^3+^ atoms and is composed of two types of subunits: H-ferritin (FTH) and L-ferritin (FTL) with nearly 20kDa each \[[@B9-microorganisms-08-00589]\]. In humans, the genes coding for the two proteins that make the apoferritin shell are located in different chromosomes, the H in the eleventh chromosome and the L in the nineteenth \[[@B10-microorganisms-08-00589]\]. Both subunits have specific functions and have different expression levels in different tissues. The different H/L ratios can be explained by the differential regulation of their expression at the transcriptional and translational levels \[[@B11-microorganisms-08-00589]\]. In 1991, the ferroxidase moiety on the FTH protein was disclosed, leading to the understanding of the specific function of this subunit of ferritin \[[@B12-microorganisms-08-00589]\]. This ferroxidase activity is responsible for the conversion of Fe^2+^ to Fe^3+^, allowing ferritin to sequester iron inside the shell as a hydrous ferric oxide with a structure similar to the "ferrihydrite" \[[@B13-microorganisms-08-00589]\]. This function is exclusively performed by the FTH, since the FTL does not have a ferroxidase center. FTH is essential, as mice lacking the gene coding for FTH (*Fth1*) cannot survive embryonic development \[[@B14-microorganisms-08-00589]\]. FTH is the predominant subunit expressed in the heart or brain tissues, possibly due to the higher requirement of these tissues for the ferroxidase activity \[[@B15-microorganisms-08-00589]\]. Although FTL lacks the iron-oxidizing capacity, it has other functions. The presence of L chains in ferritin improves the stability of the protein and helps iron incorporation \[[@B16-microorganisms-08-00589]\]. Its expression is higher in spleen and in the liver \[[@B15-microorganisms-08-00589]\]. The H subunits of ferritin, as stated before, are the ones that will oxidize the iron making it possible to be stored inside the shell. The Fe^2+^ enters ferritin with the help of an electrostatic gradient that attracts metal cations and, once internalized, the ferrous iron migrates to the ferroxidase center located on the heavy chain of ferritin. On this center, the Fe^2+^ atoms will react with hydrogen peroxide and will be oxidized to Fe^3+^ \[[@B17-microorganisms-08-00589]\]. Ferritin is important to ensure that iron is safely stored and detoxified, preventing the oxidative damage that could be caused by reactions like Haber--Weiss or Fenton. We have recently showed that, although the conditional deletion of FTH in macrophages did not impact in vitro differentiation and physiology in basal conditions, it resulted in higher susceptibility to oxidative stress and cell death induced by exogenously added iron \[[@B18-microorganisms-08-00589]\]. Besides H- and L-ferritin, which are predominantly cytosolic, early in this century, a novel ferritin was identified: mitochondrial ferritin. This peptide is synthesized as a precursor of about 30kDa, while its mature form has a molecular weight of 21-22kDa and 79% homology to FTH \[[@B7-microorganisms-08-00589]\]. Its expression is limited to tissues with a high energy demand, such as brain, testis and heart and is not modulated by iron levels \[[@B3-microorganisms-08-00589]\].

As previously mentioned, ferritin can also be found in the serum \[[@B19-microorganisms-08-00589]\]. The functions or effects of serum ferritin are mostly unknown, but variations in serum ferritin levels can be clinically relevant. Serum ferritin is traditionally used as an indicator of tissue iron levels in the body, either to identify iron overload conditions or to distinguish between iron-deficient or non-iron-deficient types of anemia. However, it is also known to represent one of the serum markers of inflammation, and in that regard it can help the diagnosis of a variety of conditions, including autoimmune diseases, Still's disease, neurologic disorders or cancer \[[@B20-microorganisms-08-00589]\]. In the next section, we will review the state of the art of ferritin regulation and signaling, from the regulation of its intracellular levels to its effects on target cells.

3. Ferritin Regulation and Signaling {#sec3-microorganisms-08-00589}
====================================

As an important player in iron metabolism, ferritin levels must be tightly regulated. One of the known regulation levels occurs post transcriptionally, by the interaction of the iron responsive elements (IRE) on ferritin-encoding RNAs with iron regulatory proteins (IRP). There are two IRPs that interact with the IRE. IRP1, an iron-sulfur cluster protein, can exist in two different conformations depending on the amount of iron available. In iron-abundant environments, it adopts a cytosolic aconitase form, while in iron-deprived environments it opens to a configuration that can bind the IRE. IRP2 does not adopt different configurations, but the protein is degraded in the presence of high levels of iron. Both IRPs bind IRE under low-iron conditions and inhibit the translation of ferritin, adjusting the abundance of this protein to intracellular iron levels \[[@B21-microorganisms-08-00589]\].

Besides iron availability, other factors can affect ferritin expression. In fact, the transcription of *Fth1* and *Ftl* is stimulated by pro-inflammatory cytokines such as interleukin (IL)-1beta \[[@B22-microorganisms-08-00589]\], IL-6 \[[@B23-microorganisms-08-00589]\] and tumor necrosis factor (TNF)-alpha \[[@B24-microorganisms-08-00589]\] via the nuclear factor (NF)-κB pathway \[[@B25-microorganisms-08-00589]\]. Interferon gamma (IFNg) and lipopolysaccharide (LPS) induce the degradation of IRP2 in a nitric oxide (NO)-dependent manner, leading to an increase in ferritin synthesis in macrophages \[[@B26-microorganisms-08-00589],[@B27-microorganisms-08-00589]\]. IL-6 also enhances the synthesis of FTH and FTL in hepatocytes \[[@B24-microorganisms-08-00589]\]. In general, the expression of FTH is more sensitive to inflammatory stimuli, whereas that of FTL responds mostly to iron levels \[[@B21-microorganisms-08-00589],[@B28-microorganisms-08-00589]\].

The amount of intracellular ferritin is also regulated at the level of degradation, through a process called ferritinophagy. Ferritin is selectively targeted for autophagic/lysosomal degradation by the cargo nuclear receptor coactivator 4 (NCOA4), a process needed for iron release and an increase in iron availability within the cell \[[@B29-microorganisms-08-00589],[@B30-microorganisms-08-00589]\]. TNFalpha can also contribute to the degradation of the cytosolic ferritin. Antosiewicz et al. in 2007 demonstrated that treatment with TNFalpha led to a reduction in intracellular FTL, through JNK1 signaling, with consequent increase in oxidative stress \[[@B31-microorganisms-08-00589]\]. This mechanism of ferritin regulation has been associated to the induction of ferroptosis, a unique form of regulated cell death that involves increased intracellular iron availability, oxidative stress and lipid peroxidation \[[@B32-microorganisms-08-00589],[@B33-microorganisms-08-00589]\]. Ferroptosis has been implicated in the pathological cell death associated with degenerative diseases (i.e., Alzheimer's, Huntington's, and Parkinson's diseases), carcinogenesis, among others \[[@B34-microorganisms-08-00589]\].

Despite being recognized mainly as an intracellular iron storage protein, ferritin is known to be present, in variable amounts, in serum. The cellular sources and the pathways of ferritin cellular export, however, are mostly unknown. Recent studies indicated that ferritin is mainly excreted from macrophages through a non-classic secretory pathway. A study by Cohen et al., using iron overloaded mice, showed the accumulation of ferritin cores in lysosomal and autophagosomal compartments of macrophages and supported the hypothesis of an active secretion of the protein \[[@B35-microorganisms-08-00589]\]. An autophagy-related ferritin secretion pathway was also identified by other authors, who demonstrated the involvement of the proteins TRIM16, galectin-8 and Sec22b in this process \[[@B36-microorganisms-08-00589]\]. Truman-Rosentsvit and colleagues, in turn, suggested an additional pathway for the lysosomal secretion of ferritin: the multivesicular body (MVB)--exosome pathway \[[@B37-microorganisms-08-00589]\]. It was reported that both hepatocytes and macrophages have the ability to secrete ferritin, but the mechanisms by which this happens remain inconclusive \[[@B19-microorganisms-08-00589],[@B27-microorganisms-08-00589]\].

The possible systemic effects of secreted ferritin are also not known. Given that there is only one protein known to mediate cellular iron export, ferroportin, it can be speculated that ferritin secreted from hepatocytes \[[@B38-microorganisms-08-00589]\] and macrophages \[[@B39-microorganisms-08-00589]\] could act as an additional iron-donor protein. Although serum ferritin is thought to be a poor iron carrier, given that each protein can carry more iron atoms than transferrin, it cannot be neglected as an iron delivery system. Serum ferritin has been described as consisting mostly of L subunits and very few H subunits \[[@B35-microorganisms-08-00589]\].

In order to try to understand the possible effects of serum ferritin on target cells, there have been significant efforts to identify putative ferritin receptors. Following the observation that ferritin could modulate lymphocyte functions, it was demonstrated that mouse T cells can take up ferritin through the specific binding of the FTH peptide to T cell immunoglobulin and the mucin-domain (TIM) receptor-2 \[[@B40-microorganisms-08-00589]\]. This binding leads to the endocytosis of ferritin and can mediate the uptake of iron, which will ultimately enter the cell cytosol \[[@B41-microorganisms-08-00589]\]. Ferritin uptake through TIM2 was also suggested to play an important role in the central nervous system, as oligodendrocytes were shown to internalize ferritin through this pathway \[[@B42-microorganisms-08-00589]\]. More recently, it was found that ferritin can also be internalized by another receptor, designated Scara5, which specifically binds L-ferritin peptides in the capsular compartment of kidney \[[@B43-microorganisms-08-00589]\]. All the above-mentioned studies were done in mice. Human cells do not express TIM-2, but studies with human oligodendrocytes suggested that another receptor from the TIM family, TIM-1, was involved in ferritin uptake by these cells \[[@B44-microorganisms-08-00589]\]. On the other hand, human embryonic kidney cells transfected with C-X-C chemokine receptor type 4 (CXCR4) were able to bind and internalize FTH \[[@B45-microorganisms-08-00589]\]. More recently, it was shown that FTH binds to the transferrin receptor 1 (TfR1) in human cells \[[@B46-microorganisms-08-00589]\]. The binding of FTH to TfR1 occurs through domains of the protein, which are distinct from those used to bind transferrin. Structural details of the interaction between the FTH and TfR1 were recently solved \[[@B47-microorganisms-08-00589]\]. This binding of FTH to the TfR1 causes the uptake of FTH into endosomes and lysosomes, and it is essential for the pathways triggered by FTH \[[@B46-microorganisms-08-00589]\]. Among different human hematopoietic precursors, FTH was shown to be taken up preferentially by erythroblasts, through binding to TfR1 \[[@B48-microorganisms-08-00589]\]. It was shown that this internalization of FTH is important for the use of iron in the production of hemoglobulin, and therefore for the use of iron in support of erythropoiesis \[[@B49-microorganisms-08-00589]\].

Overall, the physiological importance of each of these receptors is difficult to evaluate, and the molecular pathways through which ferritin can act on target cells and modulate the inflammatory or immune responses remain elusive. The possible significance of ferritin during different inflammatory conditions will be discussed in the next section.

4. Ferritin in the Context of Different Diseases {#sec4-microorganisms-08-00589}
================================================

Inflammation can be described as a response from the organism to a signaling damage or infection and it is characterized by heat, pain, redness, swelling, and loss of function. It can be advantageous or harmful depending on the type and duration of the stimuli \[[@B50-microorganisms-08-00589]\]. It is based in an extensive diversity of physiologic and pathological processes \[[@B51-microorganisms-08-00589]\]. The origin and characteristics of these stimuli are very diverse but the most important are pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which are sensed by different molecules leading to the induction of inflammatory mediators in specific tissues \[[@B52-microorganisms-08-00589]\]. Several pathways are involved in these inflammatory reactions such as the NF-κB, mitogen-activated protein kinase (MAPK) or Janus kinase/signal transducers or activators of transcription (JAK-STAT) pathways \[[@B50-microorganisms-08-00589]\].

Ferritin is not only regulated by inflammatory stimuli but can also function as the enhancer of the inflammatory response. Ruddell et al. have demonstrated that FTH can activate a signaling cascade in rat's hepatic stellate cells that leads to NF-κB activation, which will cause an increased expression of several proinflammatory mediators \[[@B25-microorganisms-08-00589]\]. Interestingly, intracellular ferritin levels can also influence the production of cytokines and other mediators by immune cells. When FTH-deficient macrophages were treated with IFNg and/or bacterial LPS they had a blunted response, including a lower production of nitric oxide, IL-6 and IL1beta \[[@B18-microorganisms-08-00589],[@B53-microorganisms-08-00589]\].

As stated before, serum ferritin is a known acute phase protein and can be used as a marker for several inflammatory pathologies, like systemic lupus erythematosus or rheumatoid arthritis \[[@B54-microorganisms-08-00589],[@B55-microorganisms-08-00589]\].

In this section, we will explore the information available about the role of ferritin in different contexts of disease.

4.1. Cancer {#sec4dot1-microorganisms-08-00589}
-----------

Ferritin is usually detected at higher levels in the serum of cancer patients than in normal individuals. Additionally, a correlation between ferritin levels in serum and a poor clinical outcome is usually found. Different lines of research have demonstrated that ferritin has possible important roles in cancer development, through the modulation of cell proliferation \[[@B56-microorganisms-08-00589]\], angiogenesis \[[@B57-microorganisms-08-00589]\] and immunosuppression \[[@B58-microorganisms-08-00589]\]. Tumor-associated macrophages have increased levels of ferritin, which has been suggested as having a role in tumor progression \[[@B58-microorganisms-08-00589]\]. Ferritin was also found to be over-expressed in the tissues of different types of cancer \[[@B59-microorganisms-08-00589],[@B60-microorganisms-08-00589],[@B61-microorganisms-08-00589],[@B62-microorganisms-08-00589],[@B63-microorganisms-08-00589],[@B64-microorganisms-08-00589]\]. In the case of breast cancer, the levels of ferritin were 6-fold higher than in normal breast tissue \[[@B65-microorganisms-08-00589]\], which is linked with more epithelial proliferation, histopathological dedifferentiation and shorter survival \[[@B58-microorganisms-08-00589],[@B66-microorganisms-08-00589]\]. In contrast with breast cancer, lower levels of ferritin were found in patients with colorectal cancer, as compared to healthy controls \[[@B64-microorganisms-08-00589]\].

An interesting point that has been reported is the fact that, under hypoxic conditions, which are a hallmark of several solid tumors \[[@B59-microorganisms-08-00589]\], there is an induction of ferritin expression. This effect was studied in alveolar cells from lung tumors, where ferritin expression is augmented in hypoxic conditions, independent of alterations in iron levels \[[@B63-microorganisms-08-00589]\]. More recently, in vitro studies suggested that the higher levels of ferritin, particularly of the H subunit, seen in ovarian cancer, may contribute to the chemoresistance against drugs used in the treatment. This is explained by the fact that several anti-tumor drugs mediate their activity by the formation of reactive oxygen species (ROS). The higher levels of FTH can diminish the levels of ROS and then reduce the effect of the drug. The authors proposed the inhibition of FTH as a strategy to reduce the chemoresistance in ovarian cancer \[[@B62-microorganisms-08-00589]\]. The role of ferritin in this pathology is still poorly understood and needs further investigation.

Nevertheless, its role in the inflammatory processes that mediate cancer disease was recently revised. Interestingly, several lines of study found a connection between iron metabolism, tumor biology and immune surveillance. Hence, iron induces the production of ROS that can contribute to iron cell death or to malignant transformation, and then higher levels of iron are needed for cell proliferation. These processes are orchestrated by inflammatory cytokines that in turn regulate hepcidin (a key player in iron metabolism) transcription, and consequently the degradation of ferroportin and iron storage in ferritin (for a review on this topic, \[[@B60-microorganisms-08-00589]\]. On the other hand, ferroptosis is an important process to facilitate cell death \[[@B61-microorganisms-08-00589]\]. Tsoi et al. suggested treatment with ferroptosis inducers as an ally to actual treatments that specifically target the plasticity of melanoma-cells-associated dedifferentiation in recurrent innate and acquired resistance \[[@B67-microorganisms-08-00589]\].

Importantly, in the past ten years, a new wave of research has been gaining force with the use of H-ferritin nanocarriers to deliver drugs to specific cells. This is based on the fact that FTH can specifically bind to transferrin receptor \[[@B46-microorganisms-08-00589]\]. However, only FTH, and not FTL, has been shown to target cancer cells \[[@B68-microorganisms-08-00589]\]. The efficacy of this new approach was already verified in murine models of gastric cancer \[[@B69-microorganisms-08-00589]\] and colon cancer \[[@B70-microorganisms-08-00589]\] for the delivery of the anticancer agent, doxorubicin. This gains superior interest, because it was recently shown that the FTH nanocarrier system crosses the blood brain barrier (BBB) and can kill glioma cells. This approach was based on the fact that TfR, which is the entry door of FTH nanocarrier, is highly expressed in the BBB endothelial cells and in glioma cells. Moreover, the authors found that this nanocarrier leaves the BBB by the endosome compartment, without accumulation in healthy brain tissue \[[@B68-microorganisms-08-00589]\].

4.2. Neurodegenerative Disorders {#sec4dot2-microorganisms-08-00589}
--------------------------------

The brain is known to have a distinct and very complex regulation of iron metabolism \[[@B71-microorganisms-08-00589]\]. The failure to control iron homeostasis can lead to iron-associated neurodegenerative disorders. The role of ferritin secretion and signaling is of particular interest in neurodegenerative diseases, where it is clear that iron and ferritin misdistribution and abnormalities are an important part of the problem. As was stated before, ferritin is very important for the control of the iron levels in the cell, in order to reduce the potential production of free radicals. The failure in controlling the levels of both subunits can lead to an aberrant iron metabolism that can cause harmful events and eventually lead to several diseases. As was previously mentioned, FTH is the predominant subunit of ferritin in the brain. One example of a disease directly involving ferritin is neuroferritinopathy or hereditary ferritinopathy, an autosomal dominant disease characterized by neurodegeneration accompanied by brain iron accumulation. In neuroferritinopathy, the FTL subunit is overexpressed due to a mutation on the chromosome 19q13, leading to an abnormal ferritin structure \[[@B72-microorganisms-08-00589],[@B73-microorganisms-08-00589]\]. With that, iron cannot be safely stored inside the cells, leading to higher levels of iron in the brain, which will induce the IRE/IRP system to produce even more ferritin. Ferritin accumulation, together with iron accumulation, will give rise to higher levels of oxidative stress that can damage brain tissue \[[@B74-microorganisms-08-00589],[@B75-microorganisms-08-00589]\]. Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease that is characterized by the degeneration of motor neurons in different tissues of the central nervous system, has also been associated with ferritin. The damage to the neurons is believed to be caused by several different factors, like oxidative damage, the disruption of key proteins or genetic factors \[[@B76-microorganisms-08-00589]\]. The levels of serum ferritin are significantly higher in patients with ALS compared with healthy subjects and patients with other neurodegenerative diseases \[[@B77-microorganisms-08-00589],[@B78-microorganisms-08-00589]\]. Although it is not clear if oxidative stress is a cause or a consequence of the disease, it is certain that ferritin may play a role. Treatments with iron chelators in combination with other molecules have already given some promising results in mice: increased levels of several regulators of mitochondrial biogenesis and metabolism could ameliorate the disease outcome \[[@B79-microorganisms-08-00589]\]. Conversely, other reports indicate that ferritin levels do not correlate with survival in patients \[[@B77-microorganisms-08-00589]\]. Parkinson's disease (PD) is associated with iron overload in brain, but it is still not clear whether high iron content is the cause or an effect of PD. In a recent work, it was shown that mice lacking the expression of IRP2 have iron deposits and increased expression of FTL. Recent data showed that this is linked with aggravated neuronal apoptosis and Parkinsonism symptoms \[[@B80-microorganisms-08-00589]\]. Regarding Alzheimer's Disease (AD), recent works claim that high ferritin levels contribute to an accelerated pathology \[[@B81-microorganisms-08-00589]\]. On the other hand, it was shown that the neurological impairment induced by β-amyloid is exacerbated in knockout mice for mitochondrial ferritin and that this may be related to increased levels of oxidative stress \[[@B82-microorganisms-08-00589]\]. The discovery of increased iron levels in PD, AD or HF, as well as in other neurodegenerative complications, points to the relevance of the control of physiological iron concentration and compartmentalization. This is intimately linked with ferroptosis, whose characteristics of lipid peroxidation and abundant iron lead to neurodegeneration. In turn, this process can be intensified by ferritinophagy, as previously referred to, since ferritin delivery to lysosome for degradation increases iron availability and ROS production. This process can be reverted by glutathione peroxidase, if there is enough glutathione available \[[@B83-microorganisms-08-00589],[@B84-microorganisms-08-00589]\].

In this regard, Biasiotto and colleagues proposed a model where dysfunctional ferritinophagy could be the link between autophagy impairment and iron homeostasis dysfunction in several neurodegenerative processes. Impaired autophagy due to primary causes, such as genetic mutations in genes related to the autophagic pathway, or secondary causes such as the aggregation of misfolded proteins, could also influence the selective autophagy of ferritin, inducing a mishandling of iron in the brain cells. This might contribute to a dysregulation of several cellular events in which iron is involved in the nervous system, such as myelination, neurotransmitter synthesis and mitochondrial respiration, and also oxidative stress (a hallmark of most neurodegenerative disorders), as mentioned above \[[@B85-microorganisms-08-00589],[@B86-microorganisms-08-00589]\].

4.3. Cardiovascular Disease {#sec4dot3-microorganisms-08-00589}
---------------------------

Cardiovascular diseases (CVDs) are, according to the World Health Organization (WHO), the major cause of death globally, causing around 31% of all deaths worldwide \[[@B87-microorganisms-08-00589]\]. Of the CVDs, heart failure (HF) is one of the most common and substantial problems \[[@B88-microorganisms-08-00589]\]. Ferritin levels are positively correlated with other inflammation markers \[[@B89-microorganisms-08-00589]\], and ferritin was suggested as a biomarker for HF in women, where the levels were significantly higher in cases with higher levels of C-reactive protein \[[@B90-microorganisms-08-00589]\]. Interestingly, the levels of serum ferritin did not positively correlate with iron, as several reports have described lower serum iron levels in HF patients \[[@B91-microorganisms-08-00589]\]. A role for increased intracellular iron stores has been proposed in the pathogenesis of atherosclerosis. Iron accumulation affects all cells that contribute to the atherosclerotic process, such as monocytes/macrophages, endothelial cells, vascular smooth muscle cells and platelets and it has been associated with the formation of ROS and the oxidation of lipoproteins. Ferritin has been proposed to represent a protective mechanism against atherosclerosis, both by its anti-inflammatory effect and by reducing the levels of labile iron \[[@B92-microorganisms-08-00589]\]. In a very recent work, a population-based cohort study with 242,084 participants that were under clinical surveillance for more than 8 years, showed that high levels of serum ferritin do not confer an increased risk of cardiovascular disease, and questions its role as a risk factor for this disease \[[@B93-microorganisms-08-00589]\].

4.4. Metabolic Disorders {#sec4dot4-microorganisms-08-00589}
------------------------

Obesity is described by the WHO as an abnormal or excessive fat accumulation leading to health issues. The usual measure to determine if a person is obese is the body mass index (BMI). Several studies have reported that people with a high BMI have increased serum ferritin, independently of the iron stores \[[@B94-microorganisms-08-00589],[@B95-microorganisms-08-00589],[@B96-microorganisms-08-00589]\]. This can be explained by the acute phase nature of serum ferritin and the role of inflammation in the development of the pathology of obesity. In this disease, there is a chronic inflammation derived from the secretion of inflammatory cytokines, like IL-6 or TNF-α by the adipose tissue. High serum ferritin levels are found in the so called "metabolically obese normal weight patients" \[[@B97-microorganisms-08-00589]\].

Studies with several different cohorts have demonstrated that the levels of serum ferritin are directly linked with elevated fasting blood glucose, serum insulin and diagnosed diabetes, suggesting that serum ferritin may be a marker for insulin resistance \[[@B98-microorganisms-08-00589],[@B99-microorganisms-08-00589],[@B100-microorganisms-08-00589]\].

The main idea is that inflammatory processes that can lead to these health issues are also responsible for the higher levels of serum ferritin.

5. Ferritin and Infection {#sec5-microorganisms-08-00589}
=========================

The inflammatory reaction is a critical part of the host immune response to the presence of microbial pathogens. Similar to what happens in other inflammatory conditions, referred to above, ferritin is known to be increased in serum during infectious diseases, appearing in circulation as an acute phase protein, or as an inflammation and infection marker. Additionally, given the fundamental role played by ferritin in iron distribution and metabolism, it will affect host--pathogen interaction by the modulation of access to this crucial element by microbial and host cells.

Ferritin is an evolutionarily conserved protein and it has been suggested to be involved in response to infection in different organisms, including fish and marine invertebrates. Indeed, the expression of ferritin or ferritin-homolog proteins was upregulated in different tissues in response to bacterial infections or stimulation with LPS \[[@B101-microorganisms-08-00589],[@B102-microorganisms-08-00589],[@B103-microorganisms-08-00589],[@B104-microorganisms-08-00589],[@B105-microorganisms-08-00589],[@B106-microorganisms-08-00589],[@B107-microorganisms-08-00589],[@B108-microorganisms-08-00589]\]. Furthermore, ferritin or ferritin-homologs were shown to protect shrimp and fish from viral infections \[[@B109-microorganisms-08-00589],[@B110-microorganisms-08-00589]\].

As a consequence of these considerations, it is conceivable that ferritin may be an important factor determining host resistance or susceptibility to infection also in mammals. In fact, increasing numbers of reports describe a role for ferritin in the outcome of various infections, including tuberculosis (TB), malaria and sepsis, among others. These reports will be discussed in this section.

5.1. Tuberculosis and Other Mycobacterial Infections {#sec5dot1-microorganisms-08-00589}
----------------------------------------------------

Despite considerable recent advances, TB continues to be a major cause of morbidity and mortality worldwide, affecting 10 million individuals and costing 1.6 million deaths annually \[[@B111-microorganisms-08-00589]\]. TB, which is caused by *Mycobacterium tuberculosis* (Mtb), is transmitted among human subjects by the inhalation of aerosols containing the bacteria. As such, TB is primarily a disease of the lung, which serves as an entry point and the main site of disease manifestation. Mtb is phagocytosed by macrophages in the lung and persists and replicates mostly inside this type of cells \[[@B112-microorganisms-08-00589]\]. On the other hand, approximately one fourth to one third of the human population is estimated to harbor latent Mtb infection. The niches where Mtb persists remain incompletely known and extrapulmonary, as well as pulmonary sites, have been proposed. There is an estimated 10% lifetime risk of the reactivation of latent infection, a risk that is higher in immunocompromised patients. Overall, the individual factors that determine whether a latently infected person will develop TB or not are poorly understood, and a better knowledge of innate human resistance factors would be highly valuable to improve TB management.

The importance of the host iron status for the progress of mycobacterial infections has been extensively shown by us and by others in recent decades \[[@B113-microorganisms-08-00589],[@B114-microorganisms-08-00589],[@B115-microorganisms-08-00589],[@B116-microorganisms-08-00589],[@B117-microorganisms-08-00589]\]. In general, iron overload favors the pathogen growth and the progress of the disease, while iron chelation can limit pathogen growth \[[@B118-microorganisms-08-00589]\]. Accordingly, several host defense mechanisms are aimed at iron removal from circulation, reducing its availability for mycobacteria. FTH is one of the proteins that may play a role in this process. Previous work done in our group and later corroborated by others showed that primary mouse macrophages infected in vitro with *Mycobacterium avium* exhibit an increase in the expression of FTH without any relevant alteration in FTL levels. The increase in the levels of FTH is mediated by Toll-Like Receptors and is independent of TNF alpha or nitric oxide levels \[[@B119-microorganisms-08-00589],[@B120-microorganisms-08-00589]\]. These works suggested that FTH might play a role in the outcome of mycobacterial infections in vivo. In fact, Reddy et al., using a mouse model in which *Fth1* is deleted specifically in myeloid cells, showed that FTH has a protective role in Mtb infection. Indeed, myeloid *fth1*-deficient mice had decreased survival and higher bacterial loads in their organs after aerosol infection with Mtb when compared to wild-type controls. FTH-deficiency was also associated with increased immune cell infiltration into the lungs and higher levels of pro-inflammatory cytokines such as TNFalpha, IFNg and IL-8. The authors also suggested that FTH protection against Mtb infection was associated with the maintenance of mitochondrial function \[[@B121-microorganisms-08-00589]\]. We are currently investigating the role of FTH in other mycobacterial infections in vivo.

5.2. Malaria {#sec5dot2-microorganisms-08-00589}
------------

Malaria, the disease caused by the protozoan parasite *Plasmodium* spp., is still a major global health problem, causing more than 430,000 deaths out of over 210 million new cases diagnosed every year \[[@B122-microorganisms-08-00589]\]. Malaria parasites invade red blood cells and feed on hemoglobin. Consequently, this disease severely alters host iron metabolism and frequently leads to anemia. Variations in the host's iron levels can have an important impact on the occurrence and the severity of the disease. Several studies have indicated that, in areas of high prevalence of iron deficiency, there was a strong protection against parasitemia- and malaria-associated mortality in childhood \[[@B123-microorganisms-08-00589]\], while iron supplementation aggravated the infection \[[@B124-microorganisms-08-00589],[@B125-microorganisms-08-00589]\]. This was confirmed in mouse models of infection, in which it was described that iron export from RBCs through ferroportin is usually increased during *Plasmodium* infection and that the conditional deletion of ferroportin in RBCs caused excessive iron accumulation, cellular impairment and increased severity of the disease \[[@B126-microorganisms-08-00589]\]. Despite the impressive number of victims, more than 98% of *Plasmodium*-infected people survive, likely due to the development of disease tolerance mechanisms. A role for ferritin in this protection may be hypothesized. Epidemiological studies have found an association between malaria and increased levels of circulating ferritin. Indeed, this is an important confounding factor when trying to assess the levels of iron deficiency in malaria endemic regions \[[@B127-microorganisms-08-00589]\]. However, a role for ferritin in either protection or susceptibility to malaria was not investigated in humans. Similar to TB, mouse models have been instrumental in this respect. When infected with *Plasmodium chabaudi*, mice exhibited an increase in the levels of FTH (and not FTL) in the liver. When *Fth1* expression was down-modulated, mice succumbed more rapidly to infection, in a parasite-burden-independent manner. Even more interestingly, when susceptible mice were transduced with an adenovirus coding for *Fth1* before *Plasmodium* infection, they had an increased survival compared to non-transduced mice. Again, this increase in survival was not due to a decrease in parasite load \[[@B128-microorganisms-08-00589]\]. Later, the same authors demonstrated that FTH mediated host protection against malaria by preventing the development of acute renal damage during infection \[[@B129-microorganisms-08-00589]\].

5.3. Sepsis {#sec5dot3-microorganisms-08-00589}
-----------

Sepsis is one of the oldest and most puzzling syndromes defying medicine. It is a set of harsh and complex physiologic, pathologic and biochemical alterations caused by infection. Although a consensus about its definition is hard to obtain, the most recent recommendation is that "Sepsis should be defined as life-threatening organ dysfunction caused by a dysregulated host response to infection" \[[@B130-microorganisms-08-00589]\]. It arises when the host response to any infectious agent damages its own tissues and organs. This clinical situation is frequently underdiagnosed at initial stages, with serious consequences, as it can evolve to septic shock, which ultimately may lead to death. Sepsis still affects nearly 19 million people per year worldwide. Despite the progress made in recent decades, no specific therapy exists for this condition and 10% to 50% of the diagnosed patients die \[[@B131-microorganisms-08-00589]\]. The increase in bacterial resistance to antibiotics and the lack of new effective antimicrobials clearly worsens this scenario. However, given the host-driven nature of the pathology, the need for a deeper understanding of the mechanisms involved and a detailed characterization of the evolution of the syndrome are most warranted. A possible role for ferritin in this scene is not clear but has been gaining the attention of the scientific community.

In a series of recent publications, high levels of serum ferritin at the time of sepsis's diagnosis were associated with an unfavorable outcome. This has been reported particularly in pediatric patients from 28 days to 18 years old \[[@B132-microorganisms-08-00589],[@B133-microorganisms-08-00589],[@B134-microorganisms-08-00589]\]. Although hyperferritinemia has been increasingly acknowledged as a marker of critical illness, neither the reasons for increased ferritinemia nor the consequences of this for disease outcome are known. As mentioned before, the mechanisms of ferritin release to the circulation have been under investigation for a long time, with different studies indicating that ferritin can be released by different pathways of active exocytosis \[[@B37-microorganisms-08-00589]\]. However, some authors defend that the high ferritinemia associated with critical illness results from the passive release of intracellular ferritin resulting from cell death. In line with this hypothesis, a study published last year, based on a murine model of LPS-induced sepsis, showed that ferritin release during sepsis was dependent on caspase 11 and gasdermin, which are important players in the pyroptosis type of cell death \[[@B135-microorganisms-08-00589]\]. Different studies in murine models have recently added important, intriguing information regarding the potential role of ferritin in sepsis pathogenesis.

Weis and colleagues showed, using different genetically modified mice lines with conditional deletion of the *Fth1* gene, that FTH was necessary for disease tolerance in sepsis. The protective effect of FTH was related to the decrease in oxidative stress and the preservation of gluconeogenesis, as the administration of glucose or antioxidant molecules restored, at least partially, the resistance of FTH-deficient mice. Interestingly, the authors showed that FTH expressed in parenchymal, and not in hematopoietic cells, was critical for disease tolerance \[[@B136-microorganisms-08-00589]\]. This is in contrast with the results obtained with Zarjou et al. using mice deficient in FTH specifically in myeloid cells. In this case, FTH deficiency resulted in protection against death during sepsis, which the authors attributed to the compensatory increase in the expression of FTL. In fact, FTH deletion in the myeloid lineage reduced inflammation and organ injury, which resulted in lower mortality and better general outcome, while the administration of FTL to macrophages in vitro, as well as to mice in vivo, decreased the production of pro-inflammatory factors and afforded protection and resistance to the septic shock \[[@B53-microorganisms-08-00589]\]. In both studies described above, the administration of apoferritin (consisting of variable amounts of H- and L-ferritin peptides, but devoid of iron) resulted in protection against sepsis lethality \[[@B53-microorganisms-08-00589],[@B136-microorganisms-08-00589]\]. In the first, the research highlighted the immunomodulatory function of circulating ferritin by the regulation of the NF-kB pathway in vivo \[[@B53-microorganisms-08-00589]\]. The latter suggests that in a sepsis model, ferritin, may act as an iron chelator \[[@B136-microorganisms-08-00589]\]. Interestingly, and in line with the beneficial effects of ferritin, a protective effect of administered ferritin was shown by Lipinski P. et al., as early as 1991, in *E. coli*-induced sepsis in mice, but no discrimination was done at the time between the types of ferritin peptides that were administered \[[@B137-microorganisms-08-00589]\]. Further studies are clearly warranted in order to clarify what are the sources of serum ferritin during infection are, and what, if any, is its role in the protection or exacerbation of disease.

5.4. Viral Infections {#sec5dot4-microorganisms-08-00589}
---------------------

Increased levels of serum ferritin have also been found in patients infected with HIV, a virus which specifically infects CD4+ T cells, weakening the immune system and making infected patients more prone to other infections and/or cancer. By the end of 2018, there were nearly 38 million people living with HIV \[[@B138-microorganisms-08-00589]\].

Serum ferritin levels significantly increase very early in HIV infection, in parallel with other inflammatory mediators, including TNFa, IL-18 and type I IFN \[[@B139-microorganisms-08-00589],[@B140-microorganisms-08-00589]\]. This early increase in serum ferritin, prior to evident alterations in systemic iron distribution, suggest that, similarly to other infectious settings, it is mainly induced by inflammation. In another curious study, Selvam et al. showed that HIV-negative infants born from HIV-positive mothers had significantly elevated ferritin levels in cord blood. This was not correlated with alterations in iron or transferrin and was instead attributed to a possible hyper-inflammatory state during pregnancy. However, the authors did not find significantly higher levels of any pro-inflammatory cytokines in the same samples \[[@B141-microorganisms-08-00589]\]. The correlation between cord blood ferritin levels and any type of pathology or development problems in these infants were not investigated.

Serum ferritin levels tend to remain high in the chronic phase of HIV infection, especially in the absence of antiretroviral therapy. Some reports show a correlation between high serum ferritin, decreased CD4 T cell numbers and mortality \[[@B139-microorganisms-08-00589],[@B142-microorganisms-08-00589],[@B143-microorganisms-08-00589]\]. However, considerable variations exist between studies, and no significant differences in serum ferritin were found among HIV patients with different levels of CD4 depletion in a different cohort \[[@B144-microorganisms-08-00589]\]. Another interesting observation is that in HIV patients under highly active antiretroviral therapy, high levels of serum ferritin correlate with insulin resistance (measured by the homeostatic model assessment (HOMA) method) highlighting the important relationships between inflammation, iron, glucose and lipid metabolisms, as mentioned in [Section 4.4](#sec4dot4-microorganisms-08-00589){ref-type="sec"} \[[@B142-microorganisms-08-00589]\].

Early in vitro studies indicated that HIV infection could alter the iron status of infected cells, namely by increasing iron accumulation \[[@B145-microorganisms-08-00589]\]. However, a consensus on the detailed molecular impact of HIV infection on intracellular iron metabolism has not been reached \[[@B146-microorganisms-08-00589]\]. To the best of our knowledge, the only report on the cell-intrinsic effect of HIV infection on ferritin is that of Ameglio et al. in 1993, showing that HIV-susceptible Hela-derived cell lines downregulated ferritin expression upon infection by HIV \[[@B147-microorganisms-08-00589]\]. Thus, an eventual role for intracellular ferritin in HIV replication remains to be investigated.

In contrast with HIV, patients recently infected with hepatitis B or hepatitis C virus (HBV and HCV, respectively) do not exhibit increased serum ferritin levels \[[@B139-microorganisms-08-00589]\], consistent with a lower stimulation of the inflammatory response. HCV is a bloodborne virus that can cause acute or chronic hepatitis and is the major cause of liver cancer. It is estimated that more than 70 million people live with chronic HCV infection \[[@B148-microorganisms-08-00589]\]. HCV infection is characterized by major alterations in iron metabolism, with increased iron deposition in the liver and paradoxically low levels of hepcidin \[[@B149-microorganisms-08-00589]\]. Not surprisingly, serum ferritin levels are usually high in patients with chronic hepatitis C \[[@B149-microorganisms-08-00589],[@B150-microorganisms-08-00589]\]. Iron accumulation in the liver contributes to pathology, supporting virus proliferation and increasing hepatic fibrosis and steatosis, and is correlated with poor outcome. Interestingly, intracellular ferritin was suggested to play a role in one of the features of HCV-induced pathology, steatosis. Liver steatosis during HCV infection occurs due to reduced production of the lipoprotein component apoB-100. In vitro studies showed that HCV-induced inhibition of apoB-100 production depends on intracellular H-ferritin and the down-regulation of Fth1 expression by SiRNA-restored apoB-100 secretion \[[@B151-microorganisms-08-00589]\].

Not surprisingly, a retrospective study on patients affected by the very recent global health emergency, Covid-19, showed, once again, the presence of high levels of ferritin in the serum of patients with a more pronounced inflammatory response, associated with a poor outcome \[[@B152-microorganisms-08-00589]\].

6. Ferritin and Other Players of Host Iron Metabolism as Possible Targets in Host-Directed Therapies {#sec6-microorganisms-08-00589}
====================================================================================================

Infectious diseases persist as an important health problem worldwide. The introduction of antibiotics clearly contributed to the reduction in disease burden, but the microbial resistance to these drugs keeps increasing and the development of new molecules lags behind. In this context, host-directed therapies appear as interesting alternatives \[[@B153-microorganisms-08-00589],[@B154-microorganisms-08-00589],[@B155-microorganisms-08-00589]\]. Thus, finding host players that could be manipulated might help in the control of infection while avoiding the development of resistance associated with traditional antibiotics. The concept of host-directed therapy includes any treatment aimed at the increase in host defense strategies and/or modulation of excessive inflammation, leading to improved clinical outcome \[[@B155-microorganisms-08-00589],[@B156-microorganisms-08-00589]\]. Host-directed therapies promote better host cellular responses to pathogens and activate both innate and adaptative responses and immunological memory. The use of host-directed therapies may include used and affordable drugs that are repurposed, instead of the developing of new compounds \[[@B155-microorganisms-08-00589]\]. The current challenge is to find compounds that could interfere with host cell mechanisms and improve the immune responses or balance host responses at the site of infection. As there is increasing evidence for the role of iron in the resistance/susceptibility to infection, targeting host iron metabolism appears an obvious way to control infectious diseases. The modulation of important players of host iron metabolism has already been shown. Hepcidin mimetics and hepcidin were used to decrease the serum iron levels and, consequently, bacterial proliferation during *Vibrio vulnificus* infection in mice \[[@B157-microorganisms-08-00589]\]. In another study, a calcium blocker was used to induce iron efflux from macrophages, increasing the host resistance in a murine model of *Salmonella* infection \[[@B158-microorganisms-08-00589]\]. In the case of malaria, the administration of an iron chelator decreased parasite burden but did not result in improved survival when compared with the placebo group \[[@B159-microorganisms-08-00589]\]. In the case of TB, iron chelators were also shown to decrease bacterial burden \[[@B115-microorganisms-08-00589],[@B160-microorganisms-08-00589]\]. Additionally, we and others have identified iron-related proteins with protective roles during infection, namely heme-oxygenase-1 and FTH. The pharmacological modulation of the expression and/or activity of these proteins during TB or in other infection scenarios could be a way to improve infection outcome. As consequence of the increasing evidence of the role of ferritin in inflammatory processes, and particularly the need to develop new guided therapies for infectious diseases, we envisage that, in the future, ferritin might be one of those targets.

7. Concluding Remarks {#sec7-microorganisms-08-00589}
=====================

From its discovery as an intracellular iron storage protein to the recognition of its association with inflammation and infection, a long and rich evolution has occurred in our knowledge of ferritin. This review is intended to contribute to the discussion about possible roles for ferritin in the control of infection and modulation of host resistance and suggest its possible use as target in host-directed therapies ([Figure 2](#microorganisms-08-00589-f002){ref-type="fig"}).
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![The increasing number of published papers in the PUBMED (<http://www.ncbi.nlm.nih.gov/sites/entrez/>) archive between 1940 and 2019. All the trends show a tendency to increase over the years. The black line above represents the number of publications found using the keyword "ferritin". The light grey and dark grey lines below represent the number of papers found with the keywords "L-ferritin" or "H-ferritin", respectively. Increasing numbers of articles have been found in recent years using the keywords "ferritin" and "infection" (green line) or "ferritin" and "inflammation" (brown line), while the combination of "ferritin" and "iron storage" (blue line) gives a relatively stable number of papers in the last decade.](microorganisms-08-00589-g001){#microorganisms-08-00589-f001}

![Ferritin, an inflammatory player, keeping iron at the core of pathogen--host interactions. The recognition of microbial components triggers a variety of host defense mechanisms. An important part of host defense aims at pathogen iron deprivation, achieved by the activation of iron re-distribution pathways by inflammatory mediators. The inflammatory response may, however, lead to tissue damage due to oxidative stress. Ferritin plays crucial roles in this interaction: it can decrease iron availability by intracellular sequestration, tame the inflammatory response and protect host cells from oxidative damage. Part of this scheme was elaborated with elements obtained from Servier Medical Art.](microorganisms-08-00589-g002){#microorganisms-08-00589-f002}
